Sterile particles cause several chronic, inflammatory diseases, characterized by repeating cycles of particle phagocytosis and inflammatory cell death. Recent studies have proposed that these processes are driven by the NLRP3 inflammasome, a platform activated by phagocytosed particles, which controls both caspase-1-dependent cell death (pyroptosis) and mature IL-1b secretion. After phagocytosis, particles can disrupt lysosomes, and inhibitor studies have suggested that the resulting release of a lysosomal protease-cathepsin B-into the cytosol somehow activates NLRP3. However, using primary murine macrophages, we found that particle-induced cell death occurs independent of NLRP3/caspase-1 and depends instead on multiple, redundant cathepsins. In contrast, nigericin, a soluble activator of NLRP3 inflammasomes, induced cell death that was dependent on the NLRP3. Interestingly, nigericin-induced cell death depended partly on a single cathepsin, cathepsin X. By inhibiting or silencing multiple cathepsins in macrophages, several key proinflammatory events induced by sterile particles are blocked, including cell death, pro-IL-1b production, and IL-1b secretion. These data suggest that cathepsins might be potential therapeutic targets in particulate-mediated inflammatory disease. In support of this concept, we find that a broad-spectrum cathepsin inhibitor can suppress particle-induced IL-1-dependent peritonitis.
Introduction
Particle-induced, sterile inflammation underlies the pathogenesis of many common and often chronic diseases [1] . Silica, MSU, and CC are some of the many exogenous or endogenous particles implicated in such diseases [2] [3] [4] [5] [6] [7] [8] . When a macrophage ingests one of these particles, two events follow: cell death, and the generation of inflammatory mediators [1] . Cell death after the ingestion of a pathogen may be beneficial to the host, helping to limit infections [9] [10] [11] . However, for sterile particles, which cannot replicate or be readily destroyed by immune defenses, cell death is not thought to be beneficial but, instead, results in pathology [12] [13] [14] . In fact, both particles and dead cells can stimulate macrophages to produce inflammatory mediators [7, 8, 12, 15] . Therefore, a repeating cycle of particle ingestion, inflammatory cell death, and the release of particles back into the environment for reingestion by other cells is thought to drive such pathology [16] .
A better understanding of the processes regulating both cell death and production of inflammatory mediators by macrophages may help identify tractable drug targets for suppressing particle-induced sterile inflammation. Although the initial inflammatory response to particles has been shown to depend on signaling through the IL-1 receptor, the exact mechanisms responsible for the production/release of IL-1b and concomitant cell death are not completely understood [15, 17, 18] .
In macrophages, the induction of IL-1b secretion by sterile particles requires 2 signals. The first signal ("priming") can be initiated through a receptor (eg, TLR4), which leads to the activation of the transcription factor NF-kB, which then drives the transcription of pro-IL-1b and NLRP3 [19, 20] . The second signal ("activation") occurs after the ingestion of particles by macrophages, which stimulates the activation of the multimolecular NLRP3 inflammasome (NLRP3, the adaptor ASC caspase activation and recruitment and the effector caspases 1 or 11) [3, 6, 7, 21, 22] . Upon NLRP3 activation, caspase-1 converts pro-IL1b into active IL-1b (and pro-IL-18 into active IL-18) for secretion. Active caspase-1 (and caspase-11) can also drive a lytic form of inflammatory programmed cell death called pyroptosis [23, 24] , and this has often been assumed to be the mechanism through which ingestion of particles kills primed macrophages. Therefore, NLRP3 activation can lead to both mature IL-1b secretion and cell death.
One of the models proposed for particle-induced NLRP3 activation and lytic cell death originated from the observation that phagocytosed particles cause LMD [3, 7, 8] . According to this model, LMD releases a lysosomal protease-cathepsin B-into the cytosol, which activates NLRP3 [3, 7, 8] . This model has been controversial. In several studies, an inhibitor that had been assumed specific for cathepsin B-Ca074Me-was shown to suppress cell death and IL-1b secretion during NLRP3 activation induced by particulate and lysosome-disrupting stimuli [25] [26] [27] [28] . However, genetic deficiency of either cathepsins B or L have showed either a partial role for both of these proteases in NLRP3 activation [7, 29, 30] or no role for either [28, 31, 32] . The discrepancies among the findings in studies inactivating cathepsins genetically versus with inhibitors might reflect Ca074Me inhibiting several other cathepsins (like cathepsin L) at concentrations used to block NLRP3 activation in prior studies [26, [33] [34] [35] [36] [37] . In addition, the loss of one cathepsin can result in a compensatory up-regulation of other functionally redundant cathepsins [37] [38] [39] . In fact, we have found that multiple redundant cathepsins, not just cathepsin B, participate in particle-stimulated IL-1b production, and they do so by both enhancing the priming of pro-IL-1b synthesis and NLRP3-dependent pro-IL-1b cleavage [37] . Whether multiple cathepsins are also involved in particle-induced cell death remains an open question.
In vivo, IL-1b is a critical mediator of particle-induced sterile inflammatory diseases [40] [41] [42] [43] . Although IL-1b responses to particles absolutely require inflammasomes (and caspase-1) in vitro, several studies have shown that caspase-1-deficient mice have, on average, ,50% reduction in particle or dead cellinduced responses compared with WT animals [2, 6, 7, 17] ; some of those studies showed no reduction at all. Therefore, in vivo, there seems to be some caspase-1-independent mechanisms driving particle and dead cell-induced IL-1b activation [17] .
Because cell death is known to be a key parameter in particleinduced inflammatory disease, understanding the cellular mediators of particle-induced cell death may be mechanistically and therapeutically relevant. In the current study, we examined, with both inhibitors and genetic models, whether particleinduced cell death during NLRP3 activation depended on inflammasomes or cathepsins. Furthermore, we examined the potential for cathepsin inhibitors to suppress IL-1-dependent inflammatory responses in an in vivo model of particle-induced acute peritonitis.
MATERIALS AND METHODS

Reagents and antibodies
Abs for flow cytometry were against mouse Ly-6G (1A8; BD Biosciences, Franklin Lakes, NJ, USA), Ly-6C (7/4; formerly AbD Serotec, now Bio-Rad Laboratories, Hercules, CA, USA), and the dead cell marker was 7-AAD (Thermo Fisher Scientific, Waltham, MA, USA). Antibodies for Western blots were against b-actin (C4; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and GAPDH (6C5; EMD Millipore, Billerica, MA, USA). ELISA kits were purchased for mouse IL-1b (BD Biosciences) and TNF-a (eBioscience, San Diego, CA, USA). Ultrapure LPS was from Salmonella minnesota (InvivoGen, San Diego, CA, USA). dAdT acid and nigericin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Silica crystals (MIN-U-SIL 15) were obtained from U.S. Silica (Frederick, MD, USA). CCs were synthesized by acetone supersaturation and cooling [7] , Alum (Imject alum adjuvant, a mixture of aluminum hydroxide and magnesium hydroxide) was from Pierce Biotechnology (Rockford, IL, USA; now, Thermo Fisher Scientific, Waltham, MA, USA); LLOMe-HCl was from Chem-Impex International (Wood Dale, IL, USA), and MSU crystals were prepared, as previously described [44] . ZVAD and Ca074Me were from Enzo Life Sciences (Farmingdale, NY, USA), and K777 was initially gifted to us by Stephanie A. Robertson and James H. McKerrow at the University of California (San Francisco, CA, USA), and further stocks obtained through services from the National Heart, Lung, and Blood Institute (Bethesda, MD, USA) SMARTT (Science Moving Towards Research and Therapy) Program. AT406 was from Selleck Chemicals (Houston, TX, USA). Lipofectamine 2000, RNAiMax, and all siRNA smart pools were from Life Technologies (Thermo Fisher Scientific), and Endoporter was from Gene Tools (Philomath, OR, USA).
Animal and cell lines
WT C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Casp1 2/2 mice have been previously described [45] ; NLRP3 Production and measurement of IL-1b, TNF-a, and cell death assayed with in vitro cultures Collection (and/or differentiation) and plating of primary PM, BMDMs, neutrophils, and mast cells have been described previously [37] . Unless otherwise stated, the standard protocol followed herein was as follows: Priming in RPMI 1640 (or MC/9 medium for mast cells [51] ) for 3 h with LPS (200 ng/ml), with or without the addition of inhibitors after 2 h of priming, followed by 6 h of stimulation. Inhibitors were added in a final concentration of #0.1% DMSO, which has no effect on readouts compared with media alone. Supernatants were collected, and cytokine levels were analyzed by ELISA. In the same samples assayed for IL-1b and TNF-a, cell death was assessed using lactate dehydrogenase assays as recommended by the manufacturer (Promega, Madison, WI, USA). In all experiments, primary cells of any particular genotype were collected and combined from at least 3 individual age-and sex-matched mice. Moreover, key experiments show means 6 SEM (error bars) of combined data from multiple (n) independent experiments and with data normalized to fold change (Δ) compared with controls as indicated on the y axes labels of figures.
(continued from previous page) dAdT = poly(deoxyadenylic-deoxythymidylic) acid, LLOMe = Leu-Leu-Omethyl ester, LMD = lysosomal membrane disruption, MSU = monosodium urate, NLRP3 = NOD-like receptor containing a pyrin domain containing 3, NLRP3 2/2 = NLRP3 deficient, PM = peritoneal macrophage, RIP3 = receptorinteracting protein kinase 3, RIP3 2/2 = RIP3 deficient, WT = wild-type siRNA knockdowns, immunoblotting, and live-cell intracellular cathepsin activity-labeling with BMV109
Assays were performed as previously described [37] .
K777 formulation and systemic treatment of mice by injection or Alzet pump infusion K777-HCl doses and formulations were as follows: DMSO (10%)/dextrose (5%)/water (85%) for i.v. (100 ml = 62.5 mg/kg for ;20-g mice) or s.c. (200 ml = 125 mg/kg for ;20-g mice), and polyethyleneglycol-300 (25%)/ Glycofurol (25%)/Cremophor ELP (25%)/ethanol (15%)/propylene glycol (10%) [52] for Alzet pumps (model 2001; Direct Corporation, Cupertino, CA, USA), which were surgically implanted s.c. on the backs of mice for 1 wk, delivering drug or excipient formulation at a rate of 1 ml/h for the indicated doses of K777. All excipient ingredients used for K777 formulation were purchased from Sigma-Aldrich (St. Louis, MO). Before injection of PBS or silica i.p. on the seventh day of treatment, plasma samples were taken from mice, and the K777 concentration was analyzed by LC-MS/MS on a Waters Acquity UPLC coupled to a Waters Quattro Premier XE triple quadrupole mass spectrometer.
Neutrophil and monocyte recruitment to peritoneal cavity
Quantification of recruited neutrophils and monocytes to the peritoneal cavity was described previously [15] .
Generation of bone marrow chimeras
Bone marrow chimeras have been described previously [37] .
RESULTS
Particle-induced cell death is independent of both inflammasomes and RIP3
Particle-induced cell death in LPS-primed macrophages has often been assumed to occur via pyroptosis, which is initiated by activated caspase-1 (or caspase-11). Contrary to that assumption, it was recently reported that alum particles actually elicit inflammasome-independent necrosis [26, 28] . However, it is unknown whether the cell death induced by other pathogenic particles is pyroptotic. Therefore, we examined whether cell death induced by such particles required inflammasomes.
We stimulated PMs from WT mice or mice deficient in the inflammasome components NLRP3, ASC, or caspase-1 (and caspase-11) with various NLRP3 activators: a lysosomotropic detergent (LLOMe, an agent that disrupts lysosomes) or particles (silica, MSU, CC) (Fig. 1a) . Although NLRP3, ASC, and caspase-1 knockouts show a small reduction (significant in the case of CCs with ASC and capase-1 knockouts) in cell death compared with those from WT mice, after treatment with LLOMe, silica, MSU, or CC, most of that response was inflammasome-independent. However, IL-1b secretion induced by those same stimuli was completely inflammasome-dependent. In contrast, nigericininduced cell death and IL-1b production were both inflammasome-dependent, as shown with NLRP3-deficient PMs (Fig. 1b , right panel).
Because RIP3-dependent pathways driven by Smac mimetic drugs have also been shown to induce both cell death and IL-1b secretion independent of inflammasomes [53] , it was reasonable to ask whether particles induce cell death via this RIP3-dependent alternative pathway. Therefore, we compared the effects of silica with those of a Smac mimetic drug (AT406) [54] on PMs from both WT and RIP3 2/2 mice. Although both cell death and IL-1b secretion induced by the Smac mimetic depended on RIP3, as expected, these responses to silica were completely independent of RIP3 ( Therefore, although the pathway used by particles to stimulate IL-1b secretion is highly dependent on the NLRP3 inflammasome, the cell death response is independent of both inflammasomes and RIP3.
Cathepsin inhibitors and not caspase inhibitors suppress both particle-induced cell death and IL-1b secretion
Ingested particles are known to induce LMD, which releases cathepsins into the cytosol [3, 7, 8] . Cathepsins have a role in (LLOMe n = 5, silica n = 3, MSU n = 3, CC n = 3); or (B, left panel) n = 4, (B, right panel) n = 3. Statistical analysis was performed by 2-way ANOVA and Dunnett's multiple comparisons test (A), or 2-tailed Student's t test (B). *P , 0.05, **P , 0.01, ***P , 0.001 ****P , 0.0001. generating signal 1 and signal 2 for inflammasome-dependent IL1b production [37] and have been implicated in cell death in some other systems [55] . Therefore, we examined the role of cathepsins in particle-induced cell death.
First, we tested the effect of a broad cathepsin inhibitor K777 on particle-induced cell death in WT PMs or PMs deficient in the inflammasome components ASC or caspase-1 (we have previously shown that this inhibitor blocks particle-induced IL-1b production [37] ) (Fig. 2a) . Again, silica-induced IL-1b secretion was inflammasome-dependent, but silica-induced cell death was largely inflammasome-independent, showing only a small reduction in the knockouts. Importantly, K777 suppressed silicainduced IL-1b secretion in the WT cells, as expected, and blocked cell death in both the WT and inflammasome-deficient cells. In contrast, both cell death and IL-1b secretion induced by dAdT (a dsDNA stimulator of AIM2 inflammasomes) depended on inflammasome components (Fig. 2a) . Unlike the K777's strong inhibition of silica-induced cell death and IL-1b secretion, K777 treatment caused only a minor reduction in dAdTmediated IL-1b secretion-likely because it can reduce the level of pro-IL-1b available for both NLRP3 and AIM2 inflammasomes by suppressing pro-IL-1b synthesis [37] -and no reduction in dAdT-mediated cell death. TNF-a secretion was not reduced by K777, demonstrating that this agent selectively reduced cell death and IL-1b (Supplemental Fig. 2a) . Therefore, even in the absence of inflammasome components, silica-induced cell death was robust yet sensitive to cathepsin inhibition by K777. These contrasting results emphasize that inflammasomes are required for cell death in response to some stimuli, such as the soluble agents nigericin and dAdT, but not in response to sterileparticulate stimuli.
Because it may be therapeutically useful for a drug to inhibit both cell death and IL-1b secretion, and to independently verify the findings above, we also tested the effect of caspase inhibitors on particle-induced cell death in LPS-primed macrophages. We treated PMs with either Ca074Me (cathepsin inhibitor), K777 (cathepsin inhibitor), YVAD (caspase-1 inhibitor), or ZVAD (pan-caspase inhibitor), then stimulated with silica, CC, or LLOMe (Fig. 2b) . Consistent with our genetic data, even though YVAD and/or ZVAD blocked IL-1b secretion induced by silica, CC, and LLOMe, caspase inhibition did not suppress particleinduced cell death. Although not statistically significant, ZVAD even enhanced cell death after stimulation with CC, which may be related to its inhibition of caspase-8, leading to TNFa-induced necroptosis [56] . However, it is unclear why ZVAD did not also enhance cell death in PMs stimulated with either silica or LLOMe. In contrast, the cathepsin inhibitors K777 and Ca074Me (both of which inhibit multiple cathepsins at the concentrations used here, .1 mM [37] ) suppressed both cell death and IL-1b secretion. Again, TNF-a secretion was not significantly reduced by any of the above inhibitors (Supplemental Fig. 2b ). In addition to the pooled, normalized data displayed in Fig. 2 , nonnormalized data from representative experiments are shown in Supplemental Fig. 2c and d . Thus, our data indicate that, at inhibitor concentrations at which IL-1b secretions and cell death are suppressed to a similar degree, cathepsin inhibitors block particle-induced cell death more effectively than caspase inhibitors.
Inhibition of multiple cathepsins suppresses cell death in several primary, innate, immune cell lines and in response to various lysosome-disrupting stimuli
To extend and generalize the effects of K777 on cell death, we examined other primary cell types, various concentrations of particles/lysosome-disrupting stimuli, and various concentrations of either K777 or Ca074Me. Again, K777 selectively suppressed particle-induced cell death in BMDMs and mast cells, although K777 did not suppress neutrophil cell death (Fig. 3a) . Consistent with our previous report showing that K777 selectively suppresses particle-induced IL-1b secretion much more effectively than that induced by nigericin or dAdT [37] , K777 selectively inhibited particle-induced cell death across a broad range of silica and alum concentrations, whereas it caused no significant reduction in cell death induced by nigericin or dAdT at any concentration tested (Fig. 3b) . Thus, in addition to the K777's ability to suppress IL-1b secretion, K777 suppresses the cell death response to particles in PMs, BMDMs, and mast cells, and that effect is generalizable to all particles tested, as well as the lysosomedisrupting agent LLOMe (see Fig. 2b ). Moreover, these data suggest that K777 is a selective inhibitor of both particle-induced IL-1b secretion and inflammasome-independent cell death, implicating a dualistic role for cathepsins.
Next, we determined the concentrations of Ca074Me and K777 necessary to inhibit cell death induced by silica, nigericin, or dAdT ( Fig. 3c ) and compared that to the cathepsin-inhibition profile of those inhibitors that has been established in that cell type [37] . This analysis revealed that, at the concentrations of these agents needed to block cell death (.30 mM), Ca074Me and K777 inhibit multiple cathepsins; these results were similar to what we recently observed for the concentrations needed to block IL-1b responses (.30 mM) (note: at all concentrations of K777 tested and .1 mM of Ca074Me, these inhibitors target multiple cathepsins) [37] . Interestingly, K777 inhibited particleinduced cell death more selectively than Ca074Me. Although K777 inhibited silica-induced cell death much more than it inhibited cell death induced by nigericin, Ca074Me strongly inhibited silica-and nigericin-induced cell death with similar potency. This is likely because nigericin-induced NLRP3 activation, which is responsible for the consequent cell-death response, involves a nonredundant role for cathepsin X and Ca074Me is a more effective inhibitor of cathepsin X than K777 [37] (see also Fig. 4, described below) . In addition to the pooled normalized data displayed in Fig. 3 , nonnormalized data from representative experiments are shown in Supplemental Fig. 3 . Thus, both here and in prior studies, multiple cathepsins (not cathepsin B alone) are inhibited at the concentrations of K777 or Ca074Me required to block particle-induced cell death during NLRP3 activation [25] [26] [27] [28] .
Particle-induced cell death depends on multiple redundant cathepsins Because cathepsin inhibitors blocked particle-induced cell death, we next sought to test whether the genetic loss of cathepsins similarly inhibited this process. Compared with WT PMs, deficiency of single cathepsins B, L, C, or S failed to significantly attenuate cell death in response to silica (Fig. 4a) . In fact, K777 attenuated cell death induced by silica equally well in cells sufficient or deficient for any one of those cathepsins, indicating that K777 does not suppress this response by inhibiting any one of those cathepsins alone. In addition to the pooled, normalized data displayed in Fig. 4 , nonnormalized data from representative experiments are shown in Supplemental Fig. 4 . To examine the role of cathepsin X, we silenced cathepsin X in PMs with siRNA. We confirmed a 90-95% knockdown of cathepsin X mRNA by qPCR (Supplemental Fig. 5a ). We further demonstrated a reduction in enzyme activity observed with the fluorescent, cathepsin activity-based probe BMV109 [57] . Although intracellular cathepsin X activity was difficult to assess at such low levels shown in the lysates, the reduction of cathepsin X activity in the supernatants after siRNA treatment demonstrates the similar knockdown efficiency of both cathepsin X activity and expression (Supplemental Fig. 5b ). After silencing cathepsin X, we stimulated those cells with silica, nigericin, or dAdT. Again, there was no significant difference between cathepsin X-sufficient and cathepsin X-deficient macrophages in the amount of cell death induced by either silica or dAdT (Fig. 4b) . However, deficiency of cathepsin X significantly and selectively reduced nigericininduced cell death, which is similar to our previous observations for the nigericin-induced IL-1b response [37] . Finally, we treated both WT and cathepsin B-deficient PMs with titrations of either K777 or Ca074Me before stimulation with silica (Fig. 4c) . Again, both cathepsin inhibitors suppressed cell death in WT and cathepsin B-deficient PMs across the titration range. Therefore, 
]). Statistical analysis was performed by 2-tailed Student's t test (A and B)
. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001.
these data indicate that cathepsin X has a previously unrecognized, nonredundant role in nigericin-induced, NLRP3-dependent cell death, whereas the individual cathepsins examined (including cathepsins B, L, C, S, and X) are not essential for particle-induced, inflammasome-independent cell death during NLRP3 activation. Because particle-induced cell death does not require any one of the single cathepsins examined, and the cathepsin inhibitors block cell death at concentrations that inhibit multiple cathepsins, it seemed likely that multiple cathepsins might have redundant roles in particle-induced cell death. To test that possibility, we first sought to analyze macrophages lacking both cathepsins B and L. Because mice deficient in both cathepsins B and L die within the first few weeks of life [38] , we could not directly analyze PMs from those animals. To circumvent that limitation, we harvested bone marrow from those neonatal, double-knockout mice and used that bone marrow to reconstitute lethally irradiated, adult WT mice. In those chimeric mice, cells of hematopoietic origin lacked cathepsin B and L (B&L 2/2 ) activity [37] . For comparison, we also made chimeras with bone marrow from neonatal WT, cathepsin B
2/2
, and cathepsin L 2/2 mice. We elicited PMs from those various chimeric mice and stimulated cells as previously performed. Again, cathepsin B-, L-, or B and L-deficient macrophages showed no attenuation of cell death induced by LLOMe, silica titration, nigericin, or dAdT ( Fig.  4d and e) . Again, K777 treatment still attenuated silica-induced cell death in the absence of those cathepsins (Fig. 4f) .
Because we have shown that K777 and Ca074Me inhibit more than only cathepsins B and L at concentrations required to block particle-induced cell death, we examined the particle-induced response of PMs deficient in up to 4 or 5 cathepsins. To do that, we examined PMs deficient for both cathepsins B and L (described above) and also elicited PMs from WT mice or mice deficient for the 3 cathepsins B, C, and S (BCS 2/2 ); those mice were viable with no obvious physical or behavioral pathology. In the BL macrophages, we silenced cathepsins X and S with siRNA. Similarly, in the BCS macrophages, we silenced cathepsins X and L with siRNA. In both cases, treatment with siRNA resulted in .90% reduction in the mRNA of each gene (Supplemental Fig.  5b and c) . Intracellular cathepsin activity, as assayed with BMV109, was also reduced with the knockouts and knockdowns. As discussed, although the level of intracellular cathepsin X activity in unstimulated LPS-primed PMs was close to background in those assays, the knockdown in cathepsin X activity was apparent in the cathepsin S-or L-deficient cells (in which cathepsin X activity was up-regulated before its knockdown with siRNA) and was also apparent in the supernatants in which cathepsin X activity was great enough that it could be clearly visualized. After stimulation, compound deficiency of BLXS or BCSXL both resulted in a specific and significant attenuation of cell death induced by silica and not by nigericin or dAdT (Fig. 4g,h ). Importantly, K777 was able to further attenuate particle-induced cell death in the BLXS and BCSXL macrophages, suggesting that other and/or residual (incompletely silenced) cathepsins or noncathepsin targets may still be involved. Surprisingly, although cathepsin X&L-deficiency significantly reduced nigericin-induced cell death, the other combinations in which cathepsin X was silenced, which all included loss of cathepsin S, did not. This may be because nigericin-induced responses were uniquely dependent on cathepsin X activity, and cathepsin X activity was upregulated in cathepsin S-deficient macrophages [37] . Altogether, these data suggest that multiple cathepsins have redundant roles in particle-induced cell death during NLRP3 activation.
Particle-induced sterile inflammation is suppressed by cathepsin inhibition in vivo
Despite being necessary for particle-induced IL-1b secretion in vitro, caspase-1 is not required for the bulk of the IL-1-dependent response to particles in vivo [2, 6, 7, 17] . In fact, cathepsin C has been shown to have a role in this response in vivo [17] , despite us finding no role for cathepsin C alone in vitro in inflammasome activation in our previous study [37] or here, in cell death. This suggests that the critical mechanism or mechanisms for particle-induced inflammation in vivo is or are largely inflammasome-independent. Our recent and current findings indicate that multiple cathepsins have a role in a much broader set of particle-induced, proinflammatory events. Importantly, we have shown here that cathepsins have a role in inflammasome-independent cell death induced by sterile particles, and sterile cell death itself is known to induce IL-1-dependent inflammation in vivo [15, 17] . It is also thought that IL-1 (pro-IL-1b, IL-1b, and IL1a) can be released and/or potentially activated in the extracellular milieu subsequent to cell death [17, [40] [41] [42] [43] . We have shown previously that cathepsin inhibitors suppress both the priming of pro-IL-1b synthesis and particle-induced IL-1b activation, suggesting that cathepsins have a role in both the inflammasome-dependent proinflammatory events and those events that are inflammasome-independent [37] . The contribution of cathepsins to all of these proinflammatory events raises the possibility that broadly acting cathepsin inhibitors, such as K777 (which inhibits cathepsins B, L, S, X, V, K, and C [37, 58] ), might be able to suppress particleinduced inflammation in vivo.
We examined the effect of the cathepsin inhibitor K777 in a model of IL-1-dependent, silica-induced acute peritonitis [17] . Pretreatment with K777, either i.v. or s.c., strongly suppressed both neutrophil and macrophage recruitment in response to silica (Fig. 5a) . Given that cathepsin C is implicated as a component of this response [17] , we performed the same experiment with cathepsin C-deficient mice and found again that K777 strongly suppressed that response (Fig. 5b) . This suggests that K777 blocked the in vivo, inflammatory response by inhibiting not only cathepsin C but also additional targets, which is consistent with what we observed for IL-1b production in vitro.
Finally, we sought to determine the target concentration of K777 in the plasma necessary to achieve efficacy. To do that, we treated mice via s.c. infusion of K777 at different doses, delivered by osmotic Alzet pumps, which we surgically implanted in the backs of mice. After 1 wk of continuous K777 infusion, we measured steady-state drug levels via mass spectrometry, monitoring the inflammatory response elicited by i.p. silica injection, as described above. Again, K777 markedly attenuated that response in a dose-dependent manner (up to ;70% reduction) (Fig. 5c) . The concentration of K777 in the plasma needed to inhibit that response was ;0.75 mM (Fig.  5d) . Together, these data demonstrate, in an in vivo model, that a tolerable dose of a cathepsin inhibitor K777 can suppress the IL-1-dependent, acute inflammatory response to sterile particles. 
DISCUSSION
Inflammasome activation is known to lead to two caspase-1-dependent events: IL-1b secretion and pyroptotic cell death [23] . Because particles are known to activate the NLRP3 inflammasome, it has often been assumed that particles cause cell death in LPS-primed macrophages through pyroptosis [59] . Instead, we found that particles induce inflammasomeindependent, caspase-1-independent cell death. In LPS-primed macrophages stimulated with particles, it seems that pyroptosis have only a minor/redundant role or that it is somehow suppressed. This is consistent with an earlier finding that alum particles induced inflammasome-independent cell death [26, 28] . Here, our data generalized that phenomenon to multiple pathogenic particles, suggesting that, rather than an exception, this is the rule for NLRP3-activating particles. Moreover, our extensive pharmacologic and genetic examination defines the underlying mechanism as cathepsin-dependent.
In contrast to caspase-1, we have found that cathepsins are important components of the particle-induced cell death pathway in LPS-primed macrophages. Conversely, cell death induced by soluble, microbe-associated NLRP3 activators (like nigericin) or AIM2 activators (such as dAdT) depends on the caspase-1 inflammasome. Cathepsin-dependent, caspaseindependent cell death has been demonstrated in other models examining cell death unrelated to the IL-1-dependent inflammatory response [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . However, we have examined this phenomenon in the context of the concomitant cell death and the IL-1b secretory response classically associated with inflammasomes. In this context, particulate/LMD-promoting NLRP3 activators appear to be unique in their dependence on multiple cathepsins for both cell death and IL-1b secretion. In line with those conclusions, we found that cathepsin inhibitors, and not caspase-1 inhibitors, block cell death with the same selectivity for particulate stimuli as the respective genetic models, suggesting that cathepsins may be selective pharmacologic targets involved in particle-induced pathology, rather than during microbial threats. Presumably, that is because both particle-induced responses are initiated by LMD, which delivers multiple cathepsins or their products into the cytosol, whereas the soluble NLRP3 activators (nigericin and dAdT) do not cause LMD. Again, our data make the critical distinction that the events downstream of LMD are ultimately different: cathepsindependent IL-1b secretion requires inflammasomes, whereas cathepsin-dependent cell death does not.
Although cathepsin inhibitors are effective at reducing particle-induced cell death, there is controversy as to whether cathepsins really do promote cell death in LPS-primed macrophages because the genetic evidence has been lacking. Many studies have shown that the supposed cathepsin B-selective inhibitor Ca074Me suppresses cell death induced by LLOMe, particles, and soluble NLRP3 activators [8, [25] [26] [27] [28] [29] [30] [31] [73] [74] [75] [76] [77] [78] [79] [80] [81] . Such studies have reinforced the prevailing notion that cathepsin B mediates NLRP3 activation and, therefore, pyroptotic cell death. However, several follow-up studies have found that cathepsin B deficiency does not suppress particle-induced NLRP3 activation in LPS-primed macrophages, which raised doubt about earlier conclusions that cathepsins were involved in those responses [28, 31, 32] . In our current study, PMs deficient in 4 cathepsins (B, L, S, and X) or 5 cathepsins (B, C, S, L, and X) showed a large and significant reduction in cell death induced by silica. Moreover, we found that deficiency of these 4 or 5 cathepsins had no effect on cell death induced by nigericin or dAdT, demonstrating that the genetic phenotype matches the specificity of inhibitors (note: surprisingly, cathepsin X deficiency alone does reduce nigericininduced cell death; discussed below). Therefore, our genetic and inhibitor data demonstrate that multiple, redundant cathepsins are involved in particle-stimulated cell death and help to reconcile earlier discordant data. The degree of redundancy in cathepsins is further emphasized by our finding that a reduction in silica-induced cell death was not evident in single, double (B&L) or even triple (BCS), cathepsin-deficient PMs. Moreover, even in the absence of these 5 cathepsins, there were still a few bands of residual cathepsin activity labeled by the probe BMV109. In fact, both the residual cathepsin activity and cell death were susceptible to K777-mediated inhibition. Therefore, at the concentrations used in previous studies, it is highly likely that Ca074Me suppressed cell death by inhibiting multiple cathepsins, not just cathepsin B [26, [33] [34] [35] [36] [37] . Similarly, we have shown previously that multiple redundant cathepsins are involved in particle-induced IL-1b secretion [37] . Thus, in addition to their role in promoting IL-1b secretion, multiple redundant cathepsins (not inflammasomes or cathepsin B alone) promote particle-induced cell death during NLRP3 activation.
In contrast to the redundant role of multiple cathepsins in particle-induced cell death, we found that cathepsin X has a nonredundant role in nigericin-induced cell death. This is consistent with our previous study, which demonstrated that cathepsin X also had a nonredundant role in nigericin-induced NLRP3 activation [37] . Also consistent with that study, which showed that Ca074Me suppressed nigericin-induced IL-1b secretion more effectively than K777 did, we found here that Ca074Me was also more effective at suppressing nigericininduced cell death. This difference can be explained by the fact that, compared with K777, Ca074Me is a more-potent inhibitor of cathepsin X [37] . Moreover, when compared with WT PMs, cathepsin X knockdown in cathepsin S-deficient PMs reduced nigericin-induced cell death less effectively, likely because those cells (as well as cathepsin L-deficient PMs) up-regulate cathepsin X activity [37] . Whether other cathepsins besides cathepsin X participate in additional steps of nigericin-induced NLRP3 activation, like they do for particles, is not yet clear but remains a possibility.
Although our study has provided the genetic evidence that multiple cathepsins promote caspase-1-independent, particleinduced cell death in LPS-primed macrophages, the biologic significance of cell death in the context of particle-induced inflammatory disease remains unclear. This is largely because particle-induced cell death occurs concomitant with IL-1b secretion, making isolation of those two phenomena technically challenging in vivo. It is clear, however, that IL-1 is necessary for particle-induced inflammation in vivo [2, 6, 7, 17] . Moreover, we know that caspase-1 is absolutely required for particle-induced IL-1b secretion in vitro [2, 6, 7] . Concomitant with IL-1b secretion, the cell death response has often been assumed to occur via caspase-1-mediated pyroptosis. Therefore, assuming that caspase-1 mediates both cell death and IL-1b secretion induced by particles, caspase-1 appears to be an ideal therapeutic target for particle-induced inflammatory disease. However, recent studies have shown that, despite caspase-1 being absolutely required for particle-induced IL-1b secretion in vitro, it has a minimal role in the particle-induced response in vivo [2, 6, 7, 17] . Therefore, there must be alternative mechanisms driving this IL-1-dependent response independently of caspase-1. In fact, two major explanatory hypotheses have been proposed for the inflammatory response to particles in vivo: 1) alternative intracellular mechanisms of caspase-1-independent IL-1b activation and secretion are engaged only in the in vivo environment, or 2) after cell death, pro-IL-1b (and/or IL-1a) is released into the extracellular milieu, where it is activated by alternative extracellular mechanisms (e.g., cathepsin-C-dependent neutrophil proteases) [2, 6, 7, 17, [40] [41] [42] [43] . Therefore, a major goal of our study was to determine whether cathepsin inhibition might suppress any of the caspase-1-independent mechanisms that may drive the particle-induced inflammatory response.
Our findings in this study suggest that, regardless of whether one or both of the above hypotheses turn out to be correct, cathepsin inhibitors can act at multiple levels to suppress the in vivo inflammatory response to sterile particles. Regarding hypothesis 1, we have shown previously that the cathepsin inhibitors K777 and Ca074Me can reduce the intracellular pool of pro-IL-1b [37] . This should make less pro-IL-1b available for intracellular and/or extracellular activation by caspase-1-independent IL-1b activating platforms. Regarding hypothesis 2, we have shown that, in addition to reducing pro-IL-1b levels, cathepsin inhibitors can suppress caspase-independent cell death induced by inflammatory particles, which may further reduce the availability of pro-IL-1b (or release of IL-1a) for activation in the extracellular milieu. Finally, cathepsin inhibitors, such as K777 can also directly block cathepsin C, which may prevent cathepsin C-dependent neutrophil proteases from activating IL-1b either inside cells or in the extracellular milieu [2, 6, 7, 17, [40] [41] [42] [43] 58] . Altogether, our data show that the broad cathepsin inhibitor K777 can suppress particle-induced inflammation in vivo and suggest that it could achieve that effect through multiple modes of action. Further studies are needed to develop reliable tools that can define the relative contributions of cell death and various IL-1b-activating mechanisms in vivo.
In summary, this study elucidates several basic aspects of particle-induced inflammation that are conceptually and therapeutically relevant. First, we have shown that sterile particles use multiple, redundant cathepsins to promote cell death, which may release not only proinflammatory danger-associated-molecular patterns (DAMPs) but also pro-IL-1b and IL-1a. Second, we have shown that cathepsins drive the two aspects of sterile inflammation that may be critical for particulate-mediated pathology, cell death, and pro-IL-1b synthesis, which are not addressed by therapeutic modalities focused solely on targeting caspase-1/ inflammasomes. Therefore, our findings predict that drugs that inhibit multiple cathepsins should reduce particle-induced, sterile inflammation. In support of that idea, we have shown that the broad cathepsin inhibitor K777 blocked both particle-induced cell death and IL-1b production in vitro and, most important, that it inhibited particle-stimulated inflammatory responses in vivo. Given their newly appreciated role in both caspase-1-dependent and -independent pathways of cell death and IL-1b production, cathepsins may be multifaceted therapeutic targets that bring with them new possibilities for the treatment of particle-induced sterile inflammatory diseases. AUTHORSHIP G.M.O. and K.L.R. performed the primary conception and design of the study and G.M.O. peformed the majority of experiments and analyses. S.S., J.D.C., M.B., S.A.R., and F.K.C. contibuted significantly to the conception, design, and analysis of the study. H.K. contributed significantly to the conception of the study, its design, and performed key experiments.
